In cementless total hip replacement, initial stability of the femoral component is important in the long term fixation of the femoral stem. Initial stability is closely related to the relative displacement between the prosthesis and the cancellous bone of the proximal femur. After implantation of the prosthesis, the surrounding bone is partially shielded from load carrying and starts to resorb. Stress shielding causes the loss of the proximal bone. The stress distribution of femur must be assessed to predict stress shielding. The initial stability and the stress shielding were investigated for two loading conditions approximating a single leg stance and stair climbing. Two types of stems involving a distal filling and a distal short stem were studied by the finite element method to investigate the biomechanical distal filling effects. The distal short stem produced less stress shielding at the proximal bone than the distal filling stem, while both types of stems seemed to satisfy the initial stability requirement.
Introduction
In total hip replacement(THR), the damaged hip joint is replaced with prosthesis, and this procedure allows the patient to return to his/her normal daily activities. Experimental design process of an artificial hip joint requires time consuming and difficult analysis and evaluation. However, precise three dimensional finite element models of the prosthesis and bone could be built from the CT (Computed Tomography) data, and many different prosthetic designs can be easily evaluated by numerical simulation considering various clinical issues (1) , (2) . Besides, the results of experimental tests using the femurs from cadavers can be affected by the disease, race, and age of the specimens. A finite element model, however, which can represent general geometry, can be used to assess the prosthesis under specific loading conditions of actual daily activities (3) . Unlike the cemented hip replacement, the stability of stem at the early stage after surgery is very important to the cementless hip replacement, in which the biological bony ingrowth is used for the fixation. This initial stability of the cementless type is an essential factor in the long term fixation of a stem and could be secured by minimization of the relative micromotions at the interface between the stem and bone. Micromotion of more than 100 µm -150 µm can separate a stem from a bone and prevent bony ingrowth into the porous surface of the stem (4) . Therefore, the micromotions between stem and bone need to be minimized for long term fixation. The micromotions of the stem can also cause pain and wear of the femoral bone. The artificial hip stem "shields" the stress on the femoral bone since the relatively stiff stem shares the load that is usually carried only by the bone. Consequently, the femoral bone tries to adopt this new environment of altered stress patterns by reducing its weight with thinning or increasing its porosity (5) , (6) . Rietbergen et al. (5) studied the effect of interface condition of press-fitted hip stem on the stress shielding phenomenon by both animal test and finite element analysis. Burke et al. (7) evaluated the initial stability of a stem by measuring the relative micro displacements for two different loading conditions such as a single leg stance and stair climbing. Skinner et al. (8) performed the finite element stress analyses to estimate the mechanical deformation of the femur with cementless type THR for patients with various health conditions and compared the results with that of patients' mineral density of the femoral bones.
In this paper, finite element analyses were performed to investigate the distal filling effects of stems on the hip joint function in cementless THR surgery. Two types of hip stems were considered. The first type, the distal filling stem, was initially in precise contact with the femoral cavity at the entire surface region except at the distal end of the stem. The second type, the distal short stem, had a short distal part, and the stem was in precise contact with the femoral cavity only at the proximal part of the stem. The distal filling stem, which is more strongly fixed at the distal part than the distal short stem, often seems to have advantage in securing the initial stability. On the contrary, it has also suggested that this initial stability could be obtained sufficiently by only fixing the proximal part, and moreover the distal region of the distal short stem is less stiffly constrained than that of the distal filling stem so that the proximal region of the femur carries more stress, which is an advantage with respect to stress shielding and bone resorption. Only a few works regarding the distal short stem, namely short-stemmed femoral implant, have been made so far. One is a clinical study by B.F. Morrey (9) and the other is an analytical study by Huiskes et al. (10) Both studies showed the possibility that the shortstemmed femoral implant could be an attractive option. However there can be many different shapes and sizes of stems even for a short-stemmed implant. So one study on a particular shape and size of stems do not guarantee the results for generalization. In this paper more accurate finite element models based on CT images of femur have been employed than previous work. More elements with 10-noded quadratic tetrahedral elements have been used to construct the model and the contact options between a femoral bone and a stem have also been used.
Two loading cases, single leg stance and stair climbing, were applied to investigate the effect of different loading conditions on the stress patterns in the femoral bone. Only the difference in the shape between the two types of stems was considered, and therefore the analysis results should be bounded to the effect of morphological changes at the distal part of the cementless stem.
Materials and Methods

1 Finite element modeling
The original CT images of a male femoral bone were processed into 3-D surfaces by using image processing software. Sectional contours with appropriate sectional distances for finite element modeling were then extracted from the constructed surfaces as shown in Fig. 1 . The sectional distances of the original CT data were 1 mm, and for convenience, some typical sections of CT data that overally could represent the geometry of femur were selected and processed for modeling. As a result shown in Fig. 1 , the sectional distances were 3 mm from 0 -108 mm Table 1 Number of tetrahedral elements constructed from the top of femur, and were 4 mm between 108 mm -208 mm from the top of femur, and were 10 mm beyond 208 mm from the top of femur. The finite element models were built based on these contours by using I-DEAS TM (11) . To take advantage of automatic mesh generation and the high accuracy of the calculation results,10-node tetrahedral elements were employed. A finite element analysis software ABAQUS TM (12) was employed because it can model the contact surfaces of quadratic 10-node tetrahedral elements.
The total number of tetrahedral elements employed in these models is listed in Table 1 . The finite element models of the femoral bone and the two types of stems constructed are shown in Figs. 2 and 3, respectively. To model contact surfaces between the femoral bone and the stems, the small-sliding contact formulation in ABAQUS TM was employed. Between the contact pairs, the stems were modeled as master surfaces and the femoral bones were modeled as slave surfaces. As shown in Fig. 3 , the frictional contact region I refers to a proximal porous region, which is 0 mm to 35 mm apart from the collar of a stem, while the non-frictional contact region II is defined as a distal region, which is more than 35 mm apart from the collar of a stem. The frictional contact region I of both stems was modeled with 282 contact elements. The nonfrictional contact region II of each stem was modeled with 483 contact elements for the distal filling stem and 133 contact elements for the distal short stem, respectively. For modeling the inner contact surface of the femur, 871 contact elements were used on the femoral side. For the distal filling stem, both of frictional contact region I and non-frictional contact region II were initially in precise contact with the femoral cavity except at a small area near the distal end of the stem; the distal short stem was initially in precise contact with the femoral cavity only at frictional contact region I. The Coulomb frictional condition at porous contact region I between a stem and a cancellous bone proposed by Keaveny and Bartel (13) was applied with a coefficent equal to 1.73. Non-frictional contact region II was assumed to have no frictional forces, as shown in Fig. 3 .
Material properties were adopted from Rubin et al. (14) and Keaveny and Bartel (15) as follows; Cortical bone(E = 17.26 GPa, ν = 0.29), cancellous bone (E = 324 MPa, ν = 0.29) and hip stem (E = 110 GPa, ν = 0.3). Both cortical and cancellous bone materials were assumed to be isotropic and homogenous. 
2 Loading and boundary conditions
As for loading conditions, both single leg stance and stair climbing conditions, were assumed. Biegler et al. (1) and Harrigan and Harris (16) proposed the concept of equivalent forces acting on femoral bone and stem to apply in the simulation of these two cases for a 65 kg body weight, and this concept was adopted in our analyses. The displacement boundary conditions at the distal end of the femur are shown in Fig. 4 (c) . The inner nodes at the distal end of the femur were fixed in all directions, while the outer nodes were fixed only in the z-direction. The directional designations of the model are shown in Fig. 5 .
To investigate the initial stability and the stress shielding of the femoral bone with an artificial hip stem for the two loading conditions, the relative displacements between the prosthesis and cancellous bone and the stress distributions of the femur and stem were analyzed by using ABAQUS TM . The relative displacement between the femoral bone and stem was obtained by analyzing the motion of the master node (stem) relative to the motion of the slave surface (femoral bone), and was the resultant magnitude of the displacements in all three directions.
Both the principal stress and the von Mises stress were considered to investigate the stress distribution in the femoral bone and stem. For a porous material such as the femoral bone, the principal stress can be an important index in structural point of view in addition to the von Mises stress. On the other hand, for a metallic material such as the stem, von Mises stress can be a more important index. Therefore, in this paper, both the principal stress and the von Mises stress were considered in the evaluation of the stress distribution in the femoral bone but only the von Mises stress was considered in the evaluation of the stress distribution in the stem.
Results
The relative displacements between a stem and a femoral bone along the peripheral line located about 3.5 mm below the collar of the stem are shown in Fig. 6 . For the single leg stance loading case in Fig. 6 (a) , the distal filling stem gave the largest relative displacement of 18 µm at 204
• in lateral region, while the distal short stem gave the largest relative displacement of 14 µm at 39
• in medial region. However, this difference was not significant because the magnitudes of largest relative displacements were very small compared to the threshold value for bony in growth of 100 µm -150 µm in both cases. For the stair climbing loading case in Fig. 6 (b) , the relative displacements for both stems showed similar trends, and the magnitudes of relative displacements of the distal filling stem were generally larger than those of the distal short stem. For example, the largest relative displacements of the distal filling and distal short stems were 44 µm, and 41 µm at 156 • , respectively. From Fig. 6 (a) and (b), the distal filling stem showed relatively larger displacements than the distal short stem along the peripheral line in the proximal region. However, the differences were small and thus, not significant. The stair climbing condition produced larger relative displacements than the single leg stance condition did.
The relative displacements along the medial and lateral lines of the femoral bone are shown in Figs. 7 and 8, respectively. In Figs. 7 and 8, only frictional contact region I of the distal short stem was initially in precise contact with the femoral bone, but both frictional contact region I and non-frictional contact region II of the distal filling stem were initially in precise contact with femoral bone, as shown in Fig. 3 . Figure 7 (a) shows the magnitudes of the relative displacements of the two types of stems for the case of the single leg stance. The magnitude of the relative displacement of the distal filling stem along the medial line ranged from 5 µm -12 µm in the proximal region and became zero in the distal region. The magnitude of the relative displacement of the distal short stem was similar to those of the distal filling stem in the proximal region but increased up to 29 µm at frictional contact region I. Figure 7 (b) shows the magnitudes of the relative displacements of the two types of stems for the case of stair climbing. The magnitude of relative displacement for the distal filling stem ranged from 2 µm -19 µm in the proximal region and became 5 µm in the distal region. The magnitude of the relative displacement for the distal short stem was below 26 µm at contact region I, and the relative displacement at distal region II increased and reached up to 142 µm. Figure 8 shows the relative displacement between a stem and a femoral bone along a lateral line for the case of single leg stance. Figure 8 (a) shows that the relative displacement for the distal filling stem decreased rapidly from 18 µm to 4 µm in the proximal region and almost vanished at the distal region. The relative displacement for the distal short stem was similar to that of the distal filling stem in the proximal region but increased to 17 µm at contact region I. In Fig. 8 (b) , for the case of stair climbing, relative displacements of both stems showed similar behaviors with the largest relative displacement of 34 µm -36 µm in the frictional contact region I. Similarly, the relative displacement for distal short stem at distal region II increased and reached up to 94 µm. However, since this magnitude is less than the threshold value for bony in growth of 100 µm -150 µm, this micromotion would not lead to any problem.
The principal stress distributions at the outer surface of cortical bone along medial and lateral lines are shown in Figs. 9 and 10 , respectively. In case of single leg stance condition, the largest stress along a medial line was compressive but was tensile along a lateral line, as shown in Figs. 9 (a) and 10 (a) . On the other hand, in case of stair climbing condition, the largest stress along a medial line was tensile but was compressive along a lateral line, as shown in Figs. 9 (b) and 10 (b) . In addition, the magnitudes of the stresses increased as the distal region was approached except at the proximal region where the stem was in contact with the inner side of the femur. This implies that the stresses produced in the femoral bone were basically due to the bending dominant loadings on the fe- Figs. 9 -Fig. 12 , the von Mises stress distributions in cortical bone were similar to the principal stress distributions. Figure 13 shows the von Mises stress distribution over the outer surface of the femur and stem under the single leg stance, and as can be expected, in the bending dominant loadings, the largest von Mises stress was obtained at the distal region of the femur. Figure 14 shows the minimum principal stress distributions in cancellous bone of the proximal femur. In  Fig. 14 , the stress level in most of the regions was below 1 MPa, except in the lateral proximal region of the cancellous bone, where the largest stress level was about 4 -5 MPa under the stair climbing condition. As shown in Fig. 14 , the magnitudes of stresses in the cancellous bone were similar to the results of the finite element analyses by Pancanti et al. (17) Since this region is at the interface between cortical and cancellous bone, the material property in this region, which depends on the apparent density of the cancellous bone, can be considered to be about the average of those of the cortical and cancellous bones. 9 Principal stress distribution along a medial line of cortical bone Therefore, this maximum stress level seems to be below the yield strength of the corresponding region of the cancellous bone. Figure 15 shows the von Mises stress distribution in a stem along a medial line. The von Mises stress pattern in Fig. 15 clearly shows that the magnitude of stress in the distal filling stem was much larger than that in the distal short stem, except in the proximal region. The distal filling stem carried more stresses in the distal region than in proximal region, while the distal short stem carried stresses only in the proximal region of stem. This result seems reasonable because the distal filling stem carried most of the bending dominant forces, which produced large stresses in the distal region instead of the contact stresses in the proximal region. Moreover, for distal short stem, only the proximal part of the stem was in contact with the femoral bone, and thus, the distal part of the stem was almost stress free. This result can be confirmed in Fig. 16 , where the overall von Mises stress distribution in both types of stems under single leg stance is shown. As shown in Fig. 16 , the largest stress in the distal filling stem was obtained in the distal region, while that in the distal short stem was obtained in the proximal and medial re- gions. The distal short stem had almost no stresses in the distal region. From analyzing the stress patterns at both femoral bone and stems from Fig. 9 to Fig. 16 , more stress shielding was likely to appear in distal filling stem for the two loading cases.
Discussions
The trend of relative displacements between stem and femoral bone along various lines shown in Figs. 6 -8 are analogous to the experimental findings of Burke et al. (7) and also the results of the finite element analysis by Biegler et al.
(1) Therefore, the results of the analysis has a fair degree of reliability.
From the finite element analysis of the single leg stance for THR, the relative displacement between stem and femoral bone along the peripheral line in proximal region of the stem was maximally 18 µm for both types of stem. For the stair climbing condition, the largest relative displacement along the peripheral line in the proximal region of the distal filling stem was 44 µm, which was a little larger than that of the distal short stem of 41 µm. On the other hand, the relative displacements along a medial and a lateral line of the distal short stem were generally larger than those of the distal filling stem. The largest relative displacement along a medial and a lateral line at frictional contact region I was about 34 µm -36 µm for both types of stem under the stair climbing condition. In short, the largest magnitude of the relative displacement at frictional contact region I for both types of stem was below 44 µm, which was much less than the threshold value for the bony in growth of 100 µm -150 µm in the proximal region. These relative displacements were also less than those of other experimental works (18) , (19) . Therefore, there was not much risk for initial stability in view of separation of a stem from a bone. However, stair climbing requires special attention because the largest relative displacement was obtained under the assumption that the proximal parts of both types of stems were in precise contact with the femoral bone. Consequently, in terms of initial stability, both types of stem would not lead to any initial instability problem, provided that the proximal parts of both stems were in precise contact with the femoral bone.
As for the stress distribution in the femoral bone, different stress patterns either tensile or compressive were found depending on the loading conditions such as single leg stance and stair climbing. The stress produced in the femoral bone was basically due to the bending dominant loadings on the femur, except in the proximal and medial regions where the inner side of the femur was in contact with the stem. As shown in Figs. 9 and 11 for single leg stance, the magnitudes of principal and von Mises stresses at the outer surface of the cortical bone along a medial line were larger both in the proximal and in the distal region for the distal short stem than those for the distal filling stem, although for stair climbing condition, the difference was small. Figures 10 and 12 show the principal and von Mises stresses at the outer side of the cortical bone along a lateral line. As shown in Figs. 10 and 12 , the principal and von Mises stresses in the distal short stem were larger than those in the distal filling stem only in the distal region. Therefore, in case of the distal short stem, the femoral bone carried more stresses than the distal filling stem, especially in the proximal and medial regions. This proximal region along the medial line is an important region of the femoral bone where stress shielding is most likely to appear, and is a region where the stem can dissociate from the femur.
Consequently, in terms of initial stability, both types of stems seemed to satisfy the required conditions such that the largest relative displacements between a stem and a femoral bone in the proximal region was about 36 µm -44 µm under the stair climbing condition. But in the viewpoint of stress distribution, both at the femoral bone and stem, the distal short stem produced less stress shielding at the proximal femoral bone than the distal filling stem.
